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fee.Abstract—To anticipate an increase in intra-cranial pressure (ICP), information about pressure-volume (p/v)
compliance is required. ICPmonitoring often fails at this task after head injury. Could a test that transiently shifts
intra-cranial blood volume produce consistent information about the p/v relationship? Doppler flow velocities
in the middle cerebral arteries (left: 80.8 ± 34.7 cm/s; right: 65.9 ± 28.0 cm/s) and ICP (16.4 ± 6.7 mm Hg) were
measured in 29 patients with head injury, before and during moderate hypocapnia (4.4 ± 3.0 kPa). The ratio
of vasomotor response to change in ICP differed between those with high (left: 14.8 ± 6.9, right:
14.4 ± 6.6 cm/s/kPa/mm Hg) and low (left: 1.8 ± 0.6, right: 2.2 ± 0.9 cm/s/kPa/mm g) intra-cranial compliance.
Additionally, the ratio identified 12 patients deviating from the classic non-linear p/v curve (left: 5.7 ± 1.3, right:
5.8 ± 1.0 cm/s/kPa/mm Hg). They exhibited an almost proportional relationship between vasomotor and ICP
responses (R 5 0.69, p , 0.01). Results suggest that a test that combines the responses of two intra-cranial
compartments may provide consistent information about intra-cranial p/v compliance, even if the parameters
derived from ICP monitoring are inconclusive. (E-mail: chaubrich@ukaachen.de)  2013 World Federation
for Ultrasound in Medicine & Biology.
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compliance, Vasomotor response, Cerebral blood flow.INTRODUCTION
The intra-cranial pressure-volume (p/v) curve is derived
from the hypothetical relationship between the change
in volume of the cerebrospinal fluid (CSF) compartment
and intra-cranial pressure (ICP) (Fig. 1). At normal levels
of intra-cranial pressure, ICP remains low despite the
increase in intra-cranial volume. Starting at approxi-
mately 20 mm Hg, ICP increases exponentially with
a relatively small gain in intra-cranial volume
(Marmarou 1975; Czosnyka 1996b). Because the intra-
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1521and consists of a plateau, where a good compensatory
reserve is found, and a steep part, which represents
a low compensatory reserve. Unfortunately, the intra-
cranial volume (CSF, blood, brain parenchyma) cannot
be measured directly. For instance, as a consequence of
increasing CSF volume, ICP pulsatility is amplified
when the mean ICP level increases (Fig. 1). The linear
correlation between ICP pulse amplitude and mean ICP
is defined as the coefficient of intra-cranial pressure
compliance, or resistance area product (RAP). The RAP
correlation coefficient is considered a surrogate marker
of the intra-cranial pressure-volume reserve. The marker
enables the assessment of intra-ventricular shunt function
or the prediction of intra-cranial pressure response to
moderate hyperventilation (Schumann et al. 2008;
Steiner et al. 2005). In patients with head injury (HI),
however, ICP-derived estimates of the pressure-volume
reserve do not seem to provide consistent information
about intra-cranial compliance if they are based solely
Fig. 1. Model of the relationship between intra-cranial pressure
and volume. Adapted from Czosnyka and Pickard (2004).
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episodes of raised ICP .20 mm Hg were associated
with reduced compliance of the CSF space in only 40%
of his patients, whereas episodes of low compliance
were associated with ICP .20 mm Hg in 44%. Through
the intra-ventricular augmentation of CSF, Miller and co-
workers have verified that the shape of the p/v curve may
vary due to a range of circumstances as for instance the
type of injury (Miller 1975; Miller and Pickard 1974;
Miller et al. 1975). Marmarou et al. (1987) found that
after HI, intra-cranial pressure compliance significantly
depends on vascular compliance. According to their
observations, CSF volume seems to account for only
one-third of ICP changes after HI. Unlike changes in
CSF volume, vascular influences on the intra-cranial
p/v relationship have not been studied systematically,
possibly because intra-cranial blood cannot be
augmented by application of a defined volume. However,
maneuvers such as short-term moderate hypocapnia may
cause vasoconstriction, whereby the intra-cranial blood
volume is reduced on the arterial side, and thus the ICP
decreases (Ito et al. 2005; Newell et al. 1996). Ito et al.
(2003) have shown that the hypocapnic effects on cere-
bral blood flow reflect changes in blood volume. We
have hypothesized that the responses of Doppler flow
velocity and intra-cranial pressure to mild hypocapnia
carry information about intra-cranial pressure-volume
compliance. Moreover, a uniform testing condition such
as short-term mild hypocapnia may enable comparison
between different intra-cranial pressure-volume condi-
tions as in patients with head injury. As the measures
are taken in two different intra-cranial compartments
simultaneously, the relationship between Doppler andICP responses may elucidate the intra-cranial pressure-
volume compliance, especially when the ICP-derived
parameters seem to provide divergent information.METHODS
Inclusion criteria were a cerebral perfusion pressure
(CPP) . 70 mm Hg, a normocapnic baseline with end-
tidal CO2 (ETCO2) and age .16 y. Exclusion criteria
were respiratory failure and craniotomy. The analysis
was performed on data collected from 29 head-injured
patients (39.06 14.1 y) with Glasgow Coma Scale scorer
,12, analgo-sedated with propofol (2–5 mg/kg/h) and
fentanyl (1–2 mg/kg/h). All were mechanically venti-
lated. Blood pressure was supported by norepinephrine
5–15 mg/min or 20% mannitol at 2 mL/kg as necessary,
due to CPP, 70 mm Hg or ICP. 25 mm Hg. However,
there were no pharmacologic manipulations of the ICP or
blood pressure during the examination protocol and the
analgo-sedation was kept unchanged (20 min baseline
and 30 min mild hypocapnia). The data were collected
by Steiner et al. (2005) and are re-analyzed here. Ethical
approval for monitoring and data analysis was given by
the Neurocritical Care Users Group, Addenbrooke’s
Hospital, Cambridge University, UK.
Intra-parenchymal ICP (Codman MicroSensors ICP
Transducer, Codman & Shurtle, Raynham, MA, USA)
was monitored via a thin catheter neurosurgically in-
serted into the brain tissue (parenchyma), just below the
level of the dura. The pressure at the tip (within the brain
tissue) was measured using a transducer containing a pie-
zoresistive microsensor. As a result, the tensor of the
intra-parenchymal force was sent to a digital monitor
and displayed in real-time ICP values. After head injury,
anything above 20 mm Hg is abnormal, and aggressive
treatment usually starts from 25 mm Hg (Czosnyka and
Pickard 2004).
Doppler flow velocity (FV) was transcranially as-
sessed using a headband with 2-MHz Doppler probes in-
sonating the middle cerebral arteries (MCAs) bilaterally
at a depth of 51–53 mm. At the temporal bone windows,
the angle and position of insonation were adjusted bilat-
erally to provide the maximum Doppler power signal
associated with the highest-quality Doppler spectra.
The Doppler probes were centered in this position and
securely positioned via the headband device (Neuro-
guard, Medasonics, Fremont, CA, USA) to maintain the
optimal insonation position and angle. The monitoring
also included: mainstream ETCO2 (Marquette Solar
8000 M, GE Medical Systems, UK); arterial CO2 partial
pressure (PaCO2) using an AVL Omni blood gas analyser
(AVL Omni, Graz, Austria); and radial artery blood pres-
sure (ABP; Edwards Lifesciences, Irvine, CA, USA).
Table 1. Physiologic and calculated parameters
Normocapnia Mild hypocapnia
CO2 arterial partial pressure,
PaCO2 (kPa)
5.1 6 0.4 4.4 6 0.3*
Respiratory rate (cycles/min) 11.9 6 2.0 14.5 6 2.1*
Intra-cranial pressure (mm Hg) 16.4 6 6.7 12.9 6 6.5*
Flow velocity (cm/s)
Left middle cerebral artery 80.8 6 34.7 76.2 6 27.1*
Right middle cerebral artery 65.9 6 28.0 59.3 6 17.8*
Arterial blood pressure (mm Hg) 97.7 6 10.9 98.3 612.7
Cerebral perfusion pressure
(mm Hg)
81.4 6 9.6 85.5 611.0
Resistance area producty 0.7 6 0.3 0.5 6 0.28*
* p , 0.01.
y Index of pressure-volume compliance.
Doppler flow velocity and intra-cranial pressure d C. HAUBRICH et al. 1523In all patients included in this study, continuous and
simultaneous monitoring of intra-parenchymal ICP, FV,
end-tidal CO2 (ETCO2), and ABP was performed during
normocapnia and mild hypocapnia. After a 20-min
recording of baseline data at constant ETCO2 .35 mm
Hg (4.7 kPa), the minimum volume of the ventilator
was increased by 20% and was kept stable for another
30 min of mild hypocapnia. If this intervention resulted
in the violation of standard treatment guidelines
(Menon 1999), the protocol was abandoned. Care was
taken not to decrease PaCO2 below 3.5 kPa and/or jugular
bulb oxygen saturation (SJO2) by 55%. Analogue signals
were sampled at 30 Hz, digitized using waveform time
integration and stored continuously on a computer.
Data analysis was performed based on the mean
values of each parameter (ICP, ABP, CPP (MAP [mean
arterial pressure] – ICP), ICP pulse amplitude, FV and
respiratory rate) consecutively calculated over 6-s inter-
vals using ICM1 software (Cambridge University, Cam-
bridge, UK). The intra-cranial pressure-volume reserve
was assessed via the resistance area product. The RAP
was calculated as the moving correlation coefficient
between the amplitude of the fundamental harmonic of
the ICP pulse waves and mean ICP from a 4-min period
(amounting to 40 data points). An RAP close to 0 indi-
cates a good compensatory reserve, a RAP.0.6 indicates
a significantly diminished compensatory reserve
(Schumann et al. 2008; Czosnyka et al. 1996a;
Czosnyka and Pickard 2004) and a RAP close to 11
implies an exhausted compensatory reserve. The hypo-
capnic ICP response was calculated as the difference
between levels at baseline minus hypocapnia (dICP).
Similarly, the RAP difference (dRAP) was calculated
between RAP levels at baseline and hypocapnia. The hy-
pocapnic vasomotor response (VMR) was calculated as
the ratio between mean differences dFV/dCO2 (baseline
– hypocapnia).
Results are expressed as means or mean
differences 6 standard deviations. According to c2 anal-
ysis, the baseline data for ICP, FV and ABP were nor-
mally distributed. Levene’s test was applied and
confirmed the homoscedasticity of the baseline and hypo-
capnia data. Analysis of variance (ANOVA) for paired
samples was used to compare baseline and hypocapnia
values. ANOVA was also used to compare dICP/VMR
ratios between four subgroups: ICP , 20 mm Hg/RAP
, 0.6; ICP $ 20/RAP $ 0. 6, ICP $ 20 mm Hg/RAP
, 0.6 and ICP, 20mmHg/RAP$ 0.6. Regression coef-
ficients were calculated between ICP and VMR, RAP and
dICP, dICP and VMR and VMR and dRAP. Breakpoints
in the curvilinear relationships between RAP and dICP
and between ICP and dFV were determined via a piece-
wise linear regression. For each statistical test, p , 0.05
was assumed significant. Calculations were performedusing SPSS Version 17.0 for Windows (SPSS, Chicago,
IL, USA).RESULTS
In response to mild hypocapnia, ICP (16.46 6.7 mm
Hg), FV (left: 80.8 6 34.7 cm/s, right:65.9 6 28.0 cm/s)
and RAP (0.76 0.3) decreased in every patient to a level
significantly below baseline (p , 0.01) (Table 1). VMR
was inversely related to baseline ICP (MCAright:
R2 5 20.73, MCAleft: R
2 5 20.51, p , 0.05)
(Fig. 2a). Hypocapnic ICP changes were directly corre-
lated with baseline RAP (R2 5 0.64, p , 0.05)
(Fig. 2b). Both plots revealed curvilinear relationships
and were best approximated with second-order polyno-
mial functions. The piecewise linear regression revealed
breakpoints between flat and steep parts at baseline
levels, RAP at 0.59 und ICP mean at 19.8 mmHg
(left:19.2 mmHg; right:20.42 mmHg). The breakpoints
were matching the clinical threshold values of RAP
(0.6) and ICP (20 mmHg) (Fig. 2a, b). VMR and hypo-
capnic RAP changes were directly and linearly correlated
with each other (p , 0.05) (Fig. 2c).
When applied under baseline conditions, ICP ,
20 mm Hg and RAP, 0.6, moderate hypocapnia caused
the largest VMR per dICP (left: 14.8 6 6.9, p 5 0.01,
right: 14.4 6 6.6 cm/s/kPa/mm Hg, n 5 7, p , 0.01)
(Table 2). Moderate hypocapnia, if applied under condi-
tions of ICP $ 20 mm Hg and RAP $ 0.6, causes the
ICP reduction with the lowest VMR (left: 1.8 6 0.6,
p 5 0.01, right: 2.2 6 0.9 cm/s/kPa/mm Hg, n 5 10,
p , 0.01) (Table 2). However, coherent constellations
of baseline ICP $ 20 mm Hg and RAP $ 0.6, as well
as ICP , 20 mm Hg and RAP , 0.6. were found in
only 17 of 29 patients (49%).
In 12 of 29 patients (41%), however, RAP and ICP
were incoherently related to each other with either ICP
, 20 mHg and RAP of 0. 6 (n 5 6) or ICP $ 20 mm
Hg and RAP , 0.6 (n 5 6). In these patients, the ICP
a b
c d
Fig. 2. (a) Vasomotor responses (VMRs) of the left and right middle cerebral arteries versus baseline intra-cranial pres-
sure (ICP). Breakpoints in the relationship were determined by piecewise interpolation. The solid lines intersect at
ICP5 20.4 mmHg; the dashed lines intersect at ICP5 19.2 mmHg. S5 steep part, F5 flat part. (b) ICP changes versus
resistance area product (RAP, intra-cranial compliance) baseline. The solid lines intersect at the breakpoint RAP5 0.59.
(c) VMR versus RAP changes. (d) VMR versus ICP changes, highlighting the relationship between VMR and hypocapnic
ICP responses in those with incoherent ICP and RAP baseline values.
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VMR than in those patients with both ICP and RAP above
thresholds (left: 5.76 1.3, right: 5.86 1.0 cm/s/kPa/mm
Hg, p , 0.01) (Table 2). Moreover, the hypocapnic ICP
responses were directly and almost linearly correlated
with VMR (R2 5 0.69, p , 0.05) (Fig. 2d). In contrast,
no significant correlation between dICP and VMR could
be found if RAP and ICP were coherently located above
or below thresholds.DISCUSSION
Mild hypocapnia applied as a testing condition
revealed two important aspects of intra-cranial compli-
ance after HI: First, the responses of both the vascularand parenchymal compartments had curvilinear relation-
ships with baseline ICP and RAP, respectively. Break-
points between the flat and steep parts seemed to
correspond to the clinically relevant RAP and ICP thresh-
olds (Czosnyka et al. 1996a; Czosnyka and Pickard 2004;
Schumann et al. 2008). Second, in 12 of 29 patients with
head injury, RAP and ICP gave inconclusive information.
However, the evaluation of responses of both ICP and
Doppler flow velocity to short-term hypocapnia has
provided consistent information about intra-cranial p/v
compliance in all patients with HI.
Our study challenges the approach of estimating
intra-cranial compliance from only ICP signals. The study
indicates, however, that additional information about
vascular compliance helps to evaluate intra-cranial p/v
Table 2. Baseline values and ratios of intra-cranial pressure and vasomotor responses
RAP , 0.6
ICP , 20 mm Hg
RAP $ 0.6
ICP $ 20 mm Hg
RAP , 0.6
ICP $ 20 mm Hg
RAP $ 0.6
ICP , 20 mm Hg
ICP (mm Hg) 9.5 6 2.9 21.1 6 5.2 21.7 6 2.9 11.1 6 2.9
RAP 0.44 6 0.15 0.89 6 0.08 0.36 6 0.21 0.81 6 0.12
Hypocapnic VMR/ICP response (cm/s/kPa/mm Hg)
VMR MCAleft/dICP 14.8 6 6.9 1.8 6 0.6* 5.7 6 1.3*
y 5.8 6 2.2*y
VMR MCAright/dICP 14.4 6 6.6 2.2 6 0.9* 5.8 6 2.0*
y 5.8 6 1.8
ICP 5 intra-cranial pressure; RAP 5 resistance area product (index of pressure-volume reserve); VMR/dICP 5 ratio between hypocapnic flow
velocity and ICP responses.
Values are means 6 standard deviations.
* p , 0.05, differences from RAP , 0.6, ICP # 20.
y p , 0.05, differences between RAP $ 0.6, ICP $ 20 and RAP $ 0.6, ICP , 20 or ICP $ 20, RAP , 0.6.
Doppler flow velocity and intra-cranial pressure d C. HAUBRICH et al. 1525compliance after head injury. Moreover, the comparison
between hypocapnic ICP and FV responses provides
information about the relationship between two intra-
cranial compartments. When baseline RAP and ICP
were both located above thresholds, even small hypo-
capnic FV responses resulted in a steep ICP reduction. If
located below thresholds, the hypocapnic VMR always
resulted in considerably lower, if at all, ICP reduction.
This classic dichotomy of either exhausted or normal p/v
compliance was found in 17 of 29 patients. In 12 patients,
however, baseline ICP andRAP valueswere located oppo-
site the aforementioned breakpoints. A similar observa-
tion was made by Kiening et al. (2002) when calculating
intra-cranial compliance from spontaneous ICP modula-
tions. Our study may provide an explanation for this
phenomenon. The results indicate that the intra-cranial
p/v relationship may deviate from the classic non-linear
slope andmay adopt a direct and almost linear correlation.
In the aforementioned 12 patients, the intra-cranial
volume changes would be nearly proportionally linked
to changes in ICP. This observation gives rise to the ques-
tion of whether ICP increases would directly deter cere-
bral blood supply in these patients. Short-term mild
hypocapnia may help to identify these patients for closer
clinical observation and risk reduction.
The slope of the p/v curve has been shown to depend
on the elasticity of the CSF space, which is calculated as
a change in pressure per unit change in volume. Elasticity
describes how readily an amount of blood can be dis-
placed outside the cranium. Experimental results have
indicated that normal values are below a transition point
of 0.18 mL21 (Avezaat and Eijndhoven 1984). The tran-
sition point in the pressure-volume relationship marks
a threshold above which even small gains in intra-
cranial volume may lead to steep ICP increases usually
exceeding 20 mm Hg. An RAP of approximately 0.6
has been found to indicate reduced intra-cranial compli-
ance (Czosnyka et al. 1996a; Czosnyka and Pickard
2004; Schumann et al. 2008). It has, however, been
reported that p/v transition points differ between
individuals in relation to age and disease (Kiening2002). After head injury, the elasticity of intra-cranial
compartments may be altered by factors such as brain
swelling and intra-cranial hemorrhage. As a consequence,
intra-cranial p/v compliance may be critically reduced
even when ICP-derived parameters are below the RAP
and ICP thresholds of 0.6 and 20 mm Hg, respectively.
According to the Monro-Kellie doctrine, the net
volume of the craniospinal system in adults remains
constant (Kellie 1824; Mokri 2001; Monro 1823).
Short-term mild hypocapnia reduces intra-cranial blood
volume and evokes mutual volume changes of CSF and
vascular spaces (Grant et al. 1989). This effect seems to
be confirmed by the linear correlation between dRAP
and VMR in our study, as the vasomotor responses
seemed to have directly resulted in a gain of pressure-
volume reserve. Hence, it may be assumed that the hypo-
capnic ICP reduction results from a backshift of the
working point on a patient’s individual p/v curve. There-
fore, mild hypocapnia may expose information about the
gradient of the pressure-volume relationship. Hence, we
hypothesize that the ratio of hypocapnic responses of
ICP and FV could be taken as a surrogate for the slope
or gradient of the patient’s individual p/v relationship.
In the application of mild hypocapnia, care has to be
taken to limit it to a brief time span, and normocapnia
has to be re-instituted immediately afterward (Bratton
et al. 2007).
Results indicate that a testing condition such as
short-term mild hypocapnia may provide consistent
information about intra-cranial pressure-volume condi-
tions in patients with head injury. Doppler and ICP
responses combine the information of two intra-cranial
compartments and help to assess pressure-volume
compliance, especially when spontaneous ICP moni-
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